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Abstract
Background Parthenolide (PTL) is a natural sesquiterpene lactone that possesses significant effects on stimulating 
osteoblast differentiation. The present study focused on the potential of PTL in the treatment of glucocorticoid-
induced osteoporosis (GIOP).

Methods MC3T3-E1 cells were treated with dexamethasone (DEX; 10 µM) or/and PTL (5, 10, and 20 µM). The changes 
in osteogenic differentiation were analyzed by conducting ALP and Alizarin Red staining and assessing the levels of 
osteogenic markers (Runx2, Osx, and OPN). PTL (3 and 10 mg/kg/day) was injected into rat models of GIOP induced 
by DEX. Bone formation was analyzed by assessing the levels of bone turnover markers (ALP, TRAP, OCN, and CTx) in 
the serum and osteoblast differentiation markers (BMP2 and Runx2) in the femurs. The pathological changes of the 
femurs were determined by H&E staining. Bone mass and osteoblast numbers in the femurs were measured. Western 
blotting evaluated ERK phosphorylation in vitro and in vivo.

Results PTL promoted osteogenic differentiation and enhanced the levels of Runx2, Osx, OPN, and ERK 
phosphorylation in DEX-treated MC3T3-E1 cells. ERK inhibitor U0126 reversed the promoting effect of PTL on 
osteogenesis in DEX-treated MC3T3-E1 cells. After the administration of PTL in rat models of GIOP, the levels of 
ALP, TRAP, OCN, and CTx in the serum and the levels of BMP2, Runx2, and ERK phosphorylation in the femurs were 
restored. PTL increased trabecular bone number, reduced trabecular separation, and increased the number of 
osteoblasts in GIOP rat model.

Conclusion Overall, PTL alleviates osteoporosis by promoting osteogenic differentiation via activation of ERK 
signaling.

Keywords Parthenolide, Osteoporosis, Glucocorticoid, Bone formation, ERK

Parthenolide ameliorates glucocorticoid-
induced inhibition of osteogenic 
differentiation and osteoporosis by activating 
ERK signaling pathway
Yanling Feng1* and Zhaoyang Li2

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13018-025-05722-2&domain=pdf&date_stamp=2025-5-7


Page 2 of 11Feng and Li Journal of Orthopaedic Surgery and Research          (2025) 20:450 

Introduction
Osteoporosis is an age- and sex-specific disease, and one 
in three women and one in five men over the age of 50 
will experience an osteoporotic fracture [1–3]. Glucocor-
ticoids [4] are widely used to alleviate various inflamma-
tory conditions and treat lymphoproliferative diseases 
and other systemic diseases [5]. However, there is a rapid 
phase of bone loss and increased risk of bone fractures 
in most of the post-menopausal women and older men 
that orally receive GC [6, 7]. High GC levels have been 
reported to suppress osteoblast differentiation and func-
tion, leading to the suppression of bone formation; long-
term GC treatment may cause glucocorticoid-induced 
osteoporosis (GIOP) [8]. GIOP is a clinically common 
cause of secondary osteoporosis, and the increasing dis-
ability rate caused by GIOP has imposed a huge burden 
on society worldwide [9, 10]. The currently available 
treatment for osteoporosis includes selective estrogen 
receptor modulation, hormone replacement therapy, as 
well as anti-osteoporotic drugs such as zoledronic acid 
and bisphosphonates, immunosuppressants, and corti-
costeroids [11]. However, all these therapies have limi-
tations as they cause serious side effects [12]. Thus, it is 
needed to identify effective therapeutic approaches that 
can mitigate the development of GIOP.

In recent decades, many active ingredients of tradi-
tional Chinese medicine have been favored owning to 
their beneficial effects on the prevention of GIOP with 
few side effects [13–16]. Tanacetum vulgare L. is a type of 
traditional Chinese herbal medicine, which is commonly 
used to quell fevers, treat migraines, and alleviate joint 
pains [17]. Parthenolide (PTL) is a small sesquiterpe-
noid molecule extracted from the aerial parts of Tanac-
etum vulgare L [18]. PTL has been revealed to exhibit 
widely potent biological activities including anticancer 
[19], antinociceptive [20], antifibrotic [21], antioxidant 
[22], anti-inflammatory [23], neuroprotective [24], and 
cardioprotective actions [25]. Moreover, studies have 
demonstrated the role of PTL in bone homeostasis. For 
example, PTL was shown to inhibit osteoclastic bone 
resorption [26, 27]. Zhang et al. revealed its promoting 
effect on osteoblast differentiation under inflammatory 
conditions via Wnt/β-Catenin signaling [28]. In addition, 
its protective effect against cartilage damage and osteo-
clastogenesis in rheumatoid arthritis has been reported 
[29, 30]. Researchers also highlighted the inhibitory effect 
of PTL on surface bone loss during calvarial osteolysis 
[31]. More importantly, the anti-osteoporosis activity of 
PTL has been reported, which demonstrates that it exerts 
anti-apoptotic action in H2O2-treated osteoblasts [32]. 
However, the specific function and underlying mecha-
nism of PTL in GIOP remain to be fully understood.

In this study, the antiosteoporosis effect of PTL 
was investigated in MC3T3-E1 cells stimulated by 

dexamethasone (DEX, a synthetic glucocorticoid) and 
GIOP rat models. Furthermore, the possible signaling 
pathway involved was investigated.

Materials and methods
Cell culture and treatment
MC3T3-E1 cells were purchased from the Cell Bank of 
the Chinese Academy of Sciences (Shanghai, China) and 
cultured in alpha minimum essential medium (α-MEM; 
HyClone, UT, USA) containing 10% FBS (foetal bovine 
serum; HyClone) at 37 °C in a 5% CO2 incubator. For cell 
differentiation, the medium was replaced by osteogenic 
medium (OM) supplemented with α-MEM, FBS (10%), 
ascorbic acid (50 µg/mL; Sigma-Aldrich, MO, USA), and 
glycerophosphate (10  Mm; Sigma-Aldrich). To inves-
tigate the effect of PTL on osteoblastic differentiation, 
MC3T3-E1 cells were cultured in OM with DEX (10 µM; 
Cat. No. D1756; Sigma-Aldrich) or/and PTL for different 
periods of time (7 and 14 days). PTL (purity of 98%; Cat. 
No. wkq-00599) was purchased from Sichuan Weikeqi 
Biological Technology Co., Ltd. (Chengdu, Sichuan, 
China) and added to the culture 12 h before stimulation 
with DEX. This is the first study to investigate the effect 
of PTL on MC3T3-E1 osteoblasts. Therefore, we used a 
gradient of increasing concentration of PTL (0-200 µM) 
to select the optimum concentration of PTL. To conduct 
the signaling experiments, extracellular signal-regulated 
kinase (ERK) inhibitor U0126 (10 µM; Cat. No. M00009; 
Biolab, Beijing, China) was added 1 h before PTL treat-
ment. The concentration of U0126 was selected accord-
ing to previous reports [33, 34].

Cell counting Kit-8 (CCK-8) assay
MC3T3-E1 cells (1 × 103 cells/well) were incubated in 
96-well plates overnight and treated with PTL at different 
concentrations (1, 5, 10, 20, 50, 100, and 200 µM) for 48 h 
to assess the cytotoxicity. To evaluate the changes in cell 
viability, MC3T3-E1 cells were treated with DEX (10 µM) 
and PTL (5, 10, and 20 µM). Then, the CCK-8 solution 
(10 µL; Beyotime, Shanghai) was added for 2 h of incuba-
tion at 37 °C, and the absorbance was measured using a 
microplate reader (Qiagen, Germany) at the wavelength 
of 450 nm.

Alkaline phosphatase (ALP) staining
MC3T3-E1 cells were seeded in 6-well plates at a den-
sity of 1 × 105 cells/well and incubated in OM for 7 days. 
Then, cells were treated with BCIP/NBT ALP Color 
Development Kit (Beyotime) following the manufactur-
er’s instruction. The excess dye was rinsed off with water, 
and a light microscope (Nikon, Tokyo, Japan) was used 
to observe the staining results. ALP activity was detected 
using ALP Assay Kit (Sigma-Aldrich) according to the 
standard protocol.
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Alizarin red staining
MC3T3-E1 cells were seeded in 6-well plates (2 × 105 cells 
per well) and osteogenesis was determined at 14 days 
in OM. After fixation in 4% paraformaldehyde (Beyo-
time) for 30  min, cells were stained with 0.2% Alizarin 
Red solution (Sigma-Aldrich) for 30  min. To quantify 
mineralization nodules, calcium deposits were desorbed 
using 10% cetylpyridinium chloride (Sigma-Aldrich) for 
30  min, and the absorbance at 562  nm was measured 
using a microplate reader.

Reverse transcription quantitative real-time polymerase 
chain reaction (RT-qPCR)
Total RNA was extracted from the treated MC3T3-E1 
cells using TRIzol reagent (Takara, Dalian, China) and 
then reverse-transcribed into cDNA using RevertAid 
First Strand cDNA Synthesis Kit (Thermo Fisher Scien-
tific, MA, USA). 2×SYBR Green qPCR MasterMix (Bio-
lab) was used to perform RT-qPCR in ABI Prism 7900 
(Applied Biosystems; Thermo Fisher Scientific). The 
expression levels of for runt-related transcription fac-
tor 2 (Runx2), osterix (Osx), and osteopontin (OPN) 
were calculated using the standard 2−ΔΔCT method. 
β-actin mRNA was used as internal control. The primer 
sequences of the genes analyzed in the present study are 
listed in Table 1.

Animal model
SD rats (female; ~230  g; 6–8 weeks old) from Medical 
Experimental Center in Lanzhou University were housed 
in standard environment. All the rats were randomly 
divided into four groups (n = 10 in each group): control; 
DEX; DEX + 3  mg/kg PTL; DEX + 10  mg/kg PTL. To 
establish the GIOP model, the rats were subcutaneously 
injected with DEX at a dose of 1.5 mg/kg for 6 weeks (3 
times/week) as previously described [35]. The rats in the 
PTL-treated groups were intraperitoneally injected with 
3  mg/kg/day or 10  mg/kg/day PTL for 2 weeks before 
DEX treatment and the drug administration contin-
ued for another 6 weeks. The doses of PTL were deter-
mined according to previous report [26]. The rats in the 
control group received 0.9% saline. After 6 or 8 weeks of 
PTL administration, all the rats were euthanized by CO2 
inhalation. Blood samples (2 mL) were collected from the 
inferior vena cava, and left femurs were isolated for west-
ern and histopathological analysis. All animal procedures 
were carried out in accordance with the principles of the 

Ethics Committee of The Second Hospital of Lanzhou 
University (No. D2025-356).

Determination of ALP, tartrate-resistant acid phosphatase 
(TRAP), osteocalcin (OCN), and C-terminal telopeptide of 
type I collagen (CTx) in serum
After 8 weeks of PTL administration, the blood samples 
were collected and centrifuged at 3000×g for 20  min at 
4  °C. Then, the serum levels of ALP, TRAP, OCN, and 
CTx were determined using ALP Assay Kit (Sigma-
Aldrich), TRAP Assay Kit (Nanjing Jiancheng, Nanjing, 
China), OCN Assay Kit, and CTx Assay Kit (USCN, 
Wuhan, China), respectively, according to the manufac-
turer’s instruction.

Western blotting
MC3T3-E1 cells and femurs from the rats were lysed in 
an ice-cold RIPA buffer (Beyotime), and then the homog-
enates were centrifuged at 12,000×g for 10 min at 4 °C. To 
determine the protein concentration, BCA Protein Assay 
Kit (Beyotime) was used. The protein was separated by 
10% SDS-PAGE and transferred to PVDF membranes 
(Millipore, MA, USA). After blocking in 5% skimmed 
milk for 1  h, anti-Runx2 (ab236639; 1:1000), anti-Osx 
(ab209484; 1:1000), anti-OPN (ab283656; 1:1000), anti-P-
ERK (ab201015; 1:1000), anti-ERK (ab184699; 1:10000), 
anti-bone morphogenetic protein 2 (BMP2) (ab284387; 
1:1000), and anti-β-actin (ab6276; 1:5000) primary anti-
bodies were incubated with the membranes overnight 
at 4  °C. The primary antibodies used above were pro-
vided by Abcam (MA, USA). Then, the membranes were 
incubated with HRP-labeled secondary antibody (1:500; 
Beyotime) for 2 h at room temperature. Finally, the blots 
were detected by enhanced chemiluminescence (ECL) 
reagent (Beyotime). β-actin was used as loading control. 
Protein bands were quantified using Image Lab Software 
version 6.1 (Bio-Rad, CA, USA).

Hematoxylin and eosin (H&E) staining
After 6 or 8 weeks of PTL administration, all the rats 
were euthanized. The femurs were fixed in neutral buff-
ered formalin (10%), paraffin-embedded, and then cut 
into 6-µm-thick sections. After the gradient dehydration 
and rehydration, the sections were stained with hema-
toxylin and eosin (Solarbio, Beijing), and then the stained 
sections were observed by light microscopy. Bone mor-
phometric parameters including trabecular area (Tb.

Table 1 The primers used in this manuscript
GENE Forward primer Reverse primer
Runx2 GAATGCACTACCCAGCCAC TGGCAGGTACGTGTGGTAG
Osx AGGAGGCACAAAGAAGCCATAC AGGGAAGGGTGGGTAGTCATT
OPN TCCAAAGCCAGCCTGGAAC TGACCTCAGAAGATGAACTC
β-actin GCCAACCGTGAAAAGATGAC ACCAGAGGCATACAGGGACAG
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Ar), trabecular number (Tb.N), trabecular separation 
(Tb. Sp), and osteoblast number/bone surface (N.ob/BS) 
were analyzed using Image-Pro Plus Software version 6.0 
(Media Cybernetics, Inc., MD, USA).

Statistical analysis
SPSS 23.0 software (SPSS, Inc., Chicago, IL, USA) 
was used for data analysis. Results were expressed as 
mean ± standard deviation. One-way ANOVA followed 
by Tukey’s post hoc test was performed to assess differ-
ences among groups. The difference was considered sta-
tistically significant when the p value was less than 0.05.

Results
PTL accelerates osteogenic differentiation of MC3T3-E1 
cells
After 48 h of incubation with PTL at different concentra-
tions, MC3T3-E1 cells treated with PTL concentration 
more than 20 µM exhibited significantly reduced viabil-
ity (Fig.  1A). DEX stimulation impaired cell viability in 
MC3T3-E1 cells. However, the viability was not restored 
after incubation with 5, 10, and 20 µM of PTL (Fig. 1B). 
We further detected the effect of PTL (10 and 20 µM) on 
osteogenic differentiation of MC3T3-E1 cells. According 
to the results of ALP staining and activity, DEX reduced 

Fig. 1 PTL regulates bone formation and bone resorption in GIOP rat model. (A) Serum levels of ALP, (B) TRAP, (C) OCN, (D) and CTx in GIOP rats were 
evaluated by corresponding detection kits. (E-F) Western blotting of BMP2 and Runx2 protein levels in the femurs. (G-H) Western blotting of ERK phos-
phorylation in the femurs. N = 10. **p < 0.01 vs. control group; #p < 0.05, ##p < 0.01 vs. DEX group. PTL, parthenolide; DEX, dexamethasone; ALP, alkaline 
phosphatase; TRAP, tartrate-resistant acid phosphatase; OCN, osteocalcin; CTx, C-terminal telopeptide of type I collagen; GIOP, glucocorticoid-induced 
osteoporosis; BMP2, bone morphogenetic protein 2; Runx2, runt-related transcription factor 2; ERK, extracellular signal-regulated kinase
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osteogenic potential of MC3T3-E1 cells, and the reduc-
tion was markedly reversed by 10 and 20 µM of PTL 
treatment (Fig.  1C and D). Alizarin Red staining also 
showed that PTL increased staining density and miner-
alized nodules in MC3T3-E1 cells stimulated with DEX 
(Fig. 1E and F).

PTL promotes osteogenesis and activates ERK signaling in 
DEX-treated MC3T3-E1 cells
To further confirm the effect of PTL on MC3T3-
E1 osteoblast differentiation, the expression of sev-
eral osteoblast markers was evaluated after 7 days of 
incubation. Runx2, Osx, and OPN mRNA expression 
levels were significantly reduced by DEX stimula-
tion and restored by PTL treatment (Fig.  2A and C). 

Fig. 2 PTL promotes osteogenesis and activates ERK signaling in DEX-treated MC3T3-E1 cells. RT-qPCR analysis of (A) Runx2, (B) Osx, and (C) OPN mRNA 
expression, and (D-E) western blotting of the levels of Runx2, Osx, and OPN proteins and (F-G) ERK phosphorylation in MC3T3-E1 cells treated with DEX 
and PTL for 7 days. N = 3. *p < 0.05, **p < 0.01 vs. OM group; #p < 0.05, ##p < 0.01 vs. DEX group. PTL, parthenolide; DEX, dexamethasone; OM, osteogenic 
medium; Runx2, runt-related transcription factor 2; Osx, osterix; OPN, osteopontin; ERK, extracellular signal-regulated kinase
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The reduced protein levels of Runx2, Osx, and OPN 
induced by DEX in MC3T3-E1 cells were significantly 
rescued by PTL (Fig.  2D and E). Many studies have 
shown that ERK signaling pathway activates Runx2 
and is involved in regulating osteoblast differentiation 
[36, 37]. We thus investigated the participation of ERK 
signaling. Obviously, the levels of phosphorylated ERK 
protein were decreased after DEX stimulation. How-
ever, treatment with PTL promoted the phosphoryla-
tion of ERK protein (Fig. 2F and G).

PTL accelerates osteogenic differentiation of MC3T3-E1 
cells by activating ERK signaling
MC3T3-E1 cells were pretreated with U0126 (ERK inhib-
itor; 10 µM) to detect whether ERK signaling participates 
in the effect of PTL on osteogenesis. Western blotting 
showed that U0126 significantly abolished the promot-
ing effect of PTL on the protein levels of phosphorylated 
ERK in DEX-treated MC3T3-E1 cells (Fig. 3A and B). The 
increased ALP staining and activity induced by PTL treat-
ment in DEX-treated MC3T3-E1 cells were also reversed 
by U0126 (Fig. 3C and D). Consistently, the effect of PTL 
on Alizarin Red staining density and mineralized nodules 
was counteracted by U0126 (Fig. 3E and F).

Fig. 3 PTL accelerates osteogenic differentiation of MC3T3-E1 cells by activating ERK signaling. (A-B) Western blotting assessed the levels of ERK phos-
phorylation in MC3T3-E1 cells treated with DEX, PTL, and U0126. (C-D) ALP staining and (E-F) Alizarin Red staining in MC3T3-E1 cells treated with DEX, PTL, 
and U0126. N = 3. **p < 0.01 vs. OM group; #p < 0.05, ##p < 0.01 vs. DEX group; &&p < 0.01 vs. PTL group. PTL, parthenolide; DEX, dexamethasone; ALP, alkaline 
phosphatase; OM, osteogenic medium; ERK, extracellular signal-regulated kinase
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PTL regulates bone formation and bone resorption in GIOP 
rat model
After 8 weeks of PTL administration, blood samples were 
collected to evaluate the effect of PTL on bone turnover 
markers in serum. Compared with the control group, 
DEX-treated rats showed decreased serum levels of 
bone formation markers (ALP and OCN) and increased 
serum levels of bone resorption-related markers (TRAP 
and CTx), while GIOP rats with PTL treatment exhibited 
upregulated ALP and OCN levels and downregulated 
TRAP and CTx levels in serum (Fig.  4A and D). More-
over, the protein levels of osteoblast markers (BMP2 and 
Runx2) were reduced in the GIOP rat model group and 
were restored by PTL treatment (Fig. 4E and F). We fur-
ther confirmed the effect of PTL on ERK phosphorylation 
in vivo. The results showed that ERK phosphorylation 
was inhibited in the GIOP group compared with the con-
trol group. Treatment with PTL significantly restored the 
phosphorylation of ERK protein in vivo (Fig. 4G and H).

PTL increases bone mass and the number of osteoblasts in 
GIOP rat model
H&E staining was performed in the proximal femurs to 
assess histological changes. After 4 weeks of PTL admin-
istration, there were no statistically significant differ-
ences in trabecular bone microstructure between the 
DEX group and the DEX + PTL group (data not shown). 
After 6 or 8 weeks of PTL administration, the GIOP 
model group displayed a marked deterioration in his-
tological properties compared with those in the control 
group, including reduced trabecular area and trabecular 
bone number, as well as increased trabecular separation 
(Fig. 5A and D). Administration of the PTL to the GIOP 
model group improved bone parameters and increased 
osteoblast numbers (Fig. 5A and E). These results suggest 
that the therapeutic efficacy of PTL is time-dependent, 
requiring at least 6 weeks of treatment to manifest sig-
nificant improvements in GIOP.

Discussion
GIOP is induced by long-term overuse of glucocorti-
coids, which is closely associated with inhibition of bone 
formation and acceleration of bone resorption [38]. PTL 
has been shown to inhibit osteoclast differentiation 
induced by RANKL and promote osteoblast differentia-
tion in inflammatory conditions [27, 28]. In this study, 
we found that PTL promoted osteogenesis in MC3T3-E1 
cells and GIOP animal models induced by DEX via acti-
vation of ERK signaling.

Osteoblast differentiation is essential for bone forma-
tion [39, 40]. DEX is a commonly used glucocorticoid, 
and previous studies have shown that DEX exposure 
inhibits osteoblast proliferation, differentiation, and 
bone formation [41–44]. Consistently, DEX stimulation 

suppressed MC3T3-E1 cell viability in our study. We 
detected the effect of PTL on osteogenesis in DEX-stim-
ulated MC3T3-E1 cells. ALP activity is one of the indica-
tors of osteogenic differentiation, and the process of bone 
formation is accompanied by the accumulation of matrix 
mineralization [45]. As expected, DEX stimulation led to 
suppressed ALP activity and reduced cell mineralization 
nodules in MC3T3-E1 cells. Interestingly, PTL markedly 
PTL restored osteogenic differentiation inhibited by DEX. 
It was noted that the staining density and calcified nod-
ules in the 20 µM PTL group were significantly higher 
than in the OM group. There could be following reasons: 
(1) PTL may counteract the inhibitory effect of DEX 
through multiple mechanisms, such as through activating 
key signaling pathways that promote osteogenic differen-
tiation and upregulating genes involved in osteogenesis, 
further enhancing osteogenic differentiation; (2) PTL may 
have improved cell metabolism or microenvironment, 
providing more favorable conditions for osteogenic differ-
entiation; (3) The dose or treatment time of PTL may have 
reached the optimum, so that its pro-differentiation effect 
is significantly enhanced. The specific mechanism needs 
further experimental verification. These issues need to be 
addressed through further research. Runx2 is a osteoblast 
lineage-determining transcription factor, which plays 
a critical role in regulating the differentiation of osteo-
blasts [46]. Runx2 has been shown to induce the expres-
sion of various osteogenesis-related markers including 
Osx, OPN, and OCN [47, 48]. Osx is another important 
osteoblast-specific transcription factor, and Osx knock-
out mice exhibit suppressed bone formation [49]. OPN 
is a multifunctional protein, which is mainly expressed in 
early osteoblasts [50]. OCN is a well-known downstream 
osteoblastic gene of Osx and a late differentiation marker 
[51]. In our study, PTL treatment restored the expression 
levels of Runx2, Osx, and OPN in DEX-treated MC3T3-
E1 cells, which further verified the promoting effect of 
PTL on osteoblast differentiation.

ERK belongs to the MAPK family and has been dem-
onstrated to participate in regulating the proliferation, 
differentiation, and mineralization of osteoblasts [52, 
53]. During the activation of ERK signaling, phosphory-
lated ERK modulates osteogenesis by inducing multiple 
osteogenic transcription regulators such as Runx-2 and 
Osx [54]. The effect of PTL on ERK signaling has been 
reported. Kim et al. showed that PTL inhibits RANKL-
mediated phosphorylation of ERK in bone marrow mac-
rophages [27]. Zhang et al. reported that PTL exerts 
anti-osteoclastogenic activity by decreasing ERK activa-
tion in human periodontal ligament-derived cells [55]. 
A previous study revealed the promoting effect of PTL 
on ERK signaling activation [56]. Here, PTL treatment 
elevated the levels of phosphorylated ERK protein inhib-
ited by DEX in MC3T3-E1 cells. Moreover, ERK inhibitor 
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U0126 abolished the promoting effect of PTL on matrix 
mineralization and ALP activity, which suggested that 
PTL accelerates osteogenic differentiation of MC3T3-
E1 cells in an ERK-dependent manner. Moreover, PTL 

administration also increased ERK phosphorylation in 
GIOP rat model.

Bone turnover markers (BTMs) highlight the dynamic 
balance of the bone tissue. Bone ALP has been considered 

Fig. 4 PTL accelerates osteogenic differentiation of MC3T3-E1 cells. (A) CCK-8 assay evaluated the viability of MC3T3-E1 cells after treatment with PTL. 
(B) CCK-8 assay showed the viability of MC3T3-E1 cells after treatment with DEX and PTL. (C-D) ALP staining (7 days) and (E-F) Alizarin Red staining (14 
days) in MC3T3-E1 cells treated with DEX and PTL. N = 3. *p < 0.05, **p < 0.01 vs. control or OM group; ##p < 0.01 vs. DEX group. PTL, parthenolide; DEX, 
dexamethasone; ALP, alkaline phosphatase; OM, osteogenic medium
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biomarker of bone ossification, while serum CTx is an 
indicator of bone resorption [57, 58]. TRAP is an enzyme 
marker for osteoclasts [59]. In the serum of DEX-induced 
GIOP rats, ALP and OCN levels were decreased. Mean-
while, the serum levels of TRAP and CTx were elevated. 
Interestingly, PTL treatment in GIOP rats remarkably 
rescued the levels of these indicators, suggesting its 
effect on promoting bone formation and suppressing 

bone resorption. BMP2 is a fundamental component of 
the inherent regenerative capacity of bone [60]. Runx2 
can be activated by BMP2, and their interaction is essen-
tial for osteoblast differentiation [61]. Here, we further 
observed enhanced BMP2 and Runx2 expression levels 
in PTL-treated GIOP rat model. More importantly, PTL 
increased trabecular bone number, reduced trabecu-
lar separation, and increased the number of osteoblasts 

Fig. 5 PTL increases bone mass and the number of osteoblasts in GIOP rat model. (A) H&E staining of the proximal femurs. Calculation of bone mor-
phometric parameters including (B) Tb.Ar, (C) Tb.N, (D) Tb.Sp, and (E) N.ob/BS in the femurs. N = 10. **p < 0.01 vs. control group; #p < 0.05, ##p < 0.01 vs. DEX 
group. PTL, parthenolide; DEX, dexamethasone; GIOP, glucocorticoid-induced osteoporosis; Tb.Ar, trabecular area ratio; Tb.N, trabecular bone number; 
Tb.Sp, trabecular separation; N.ob/BS, osteoblast number/bone surface
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in GIOP rat model. All these results suggested that PTL 
accelerates bone formation to alleviate GIOP in vivo.

There are still some limitations in our study. First, we 
only focused on the effect of PTL on osteogenesis and 
ERK signaling, and its influence on other pathways or fac-
tors involved in GIOP, such as Epidermal Growth Factor 
(EGF) signaling [62], other pathways associated with bone 
formation, and RANK/RANKL/OPG pathway related 
to osteoclastogenesis [63], remain to be investigated. 
Second, the in vivo study focused on a rat GIOP model, 
which may not fully recapitulate the pathophysiology of 
GIOP in humans. Additionally, the study lacks clinical 
relevance. Human samples, such as bone marrow-derived 
mesenchymal stem cells from patients with GIOP, should 
be used to further verify our findings in the future.

In conclusion, our findings highlight that PTL alleviates 
osteoporosis induced by glucocorticoid by accelerating 
osteoblast differentiation and mineralization. In addition, 
the effect of PTL on osteogenesis is associated with the 
activation of ERK signaling pathway. The results of this 
study expand the application of PTL and provide a basic 
investigation for the therapy of GIOP.
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